The urinary alkylresorcinol (AR) metabolites, 3,5-dihydroxybenzoic acid (DHBA) and 3-(3,5-dihydroxyphenyl)-propanoic acid (DHPPA), could potentially serve as biomarkers for intake of whole-grain (WG) wheat and rye. Excretion of AR metabolites is largely dependent on the intake of AR but may also be influenced by other factors. This study aimed to investigate the validity of free and conjugated AR metabolites as biomarkers for WG intake of wheat and rye and to identify potential determinants of AR metabolites in urine. We quantified free aglycones and conjugates of AR metabolites in 24-h urine collections from 52 free-living Swedish adults and calculated correlation coefficients between urinary AR metabolite excretion and self-reported WG intake. We used partial least-squares regression to identify possible determinants of urinary AR metabolites. Approximately 50% of urinary AR metabolites were found as conjugates. Excretions of individually quantified free and conjugated AR metabolites and their sums were correlated to self-reported intake of WG rye and wheat (r = 0.50-0.68; P < 0.001). Excretion of urinary AR metabolites was mainly dependent on intake of 2 major dietary AR homologs, C19:0 and C21:0. Sex, BMI, and vitamin C intake were identified as determinants of the proportion of free and glucuronidated DHPPA in the present study. Urinary AR metabolites may be useful in reflecting short-term to mediumterm intake of WG, but urine samples should be deconjugated prior to quantification. Anthropometric and dietary factors affecting the proportion of conjugated AR metabolites in urine may to some extent influence AR elimination and thereby the performance of urinary AR metabolites as biomarkers.
Introduction
Cereal alkylresorcinols (AR) 5 are phenolic lipids present in the outer parts of rye and wheat. Among commonly consumed foods, AR are abundant in only the whole grain (WG) and bran products of these cereals and thus can be used as biomarkers for intake of WG rye and wheat in Nordic populations (1) (2) (3) (4) (5) (6) . Wheat and rye are the major sources of WG in these populations (7) , which indicates that AR might also be used to reflect total WG intake. Recently, AR metabolites have been suggested as biomarkers due to the apparently slower disappearance from plasma compared with intact AR (2, (8) (9) (10) (11) (12) . Absorbed AR are thought to be metabolized similarly to tocopherols (13) , i.e., cytochrome P450-mediated v-oxidation followed by activation with CoA and subsequent b-oxidation (14) . This phase I metabolism of AR leads to the formation of 2 phenolic acids, 3,5-dihydroxybenzoic acid (DHBA) and 3-(3,5-dihydroxyphenyl)-propanoic acid (DHPPA) (15) . In addition, hydrophilic groups are conjugated to enhance excretion during phase II metabolism. Glucuronidation and sulfation are 2 major phase II reactions whereby glucuronic acid and sulfonic acid, respectively, are covalently bound to xenobiotics and endogenous compounds or their metabolites (16) . Several factors can influence the activity of conjugating enzymes, e.g., anthropometry, genetics, diet, and lifestyle (17) (18) (19) . As for tocopherols, phase I and II metabolism of AR may occur in parallel (20, 21) . Very minor amounts of intact AR have been detected in urine and only after incubation with deconjugating enzymes (15) . Following metabolism, different transporter proteins may be involved in the hepatic excretion of free and conjugated AR metabolites to bile or sinusoidal blood (16) . DHBA and DHPPA ultimately appear in urine and possibly in feces, as suggested by indirect evidence (22) , although proposed enterohepatic circulation might prolong their time within the body (11) . We previously found that urinary AR metabolites from 9 participants with equal AR intakes were extensively conjugated and that the conjugates were not exclusively glucuronides (23) .
Urinary AR metabolites can successfully reflect short-term intake of AR-containing foods (2, 8, 9, 12) , i.e., WG and bran products of wheat and rye, and could potentially be used to validate WG intake and test compliance in intervention studies. However, excretion of AR metabolites in urine is not solely dependent on the amount of AR consumed and the proportion of ingested AR recovered in urine as DHBA and DHPPA decreases as the intake of AR increases (2, 12) . Because several pathways are seemingly involved in AR elimination, numerous potential factors could affect the proportion of ingested AR recovered as urinary DHBA and DHPPA.
In the present study, we investigated the validity of free and conjugated urinary AR metabolites as biomarkers for intake of WG rye and wheat, because free and conjugated AR metabolites may have different elimination routes. Furthermore, we identified potential determinants of urinary AR metabolites, which could influence the elimination of AR and thereby the performance of urinary AR metabolites as biomarkers of WG wheat and rye.
Materials and Methods
Participants, study design, intake estimation, and sample collection. Volunteers were recruited during spring and summer 2008 and conducted the study between September 2008 and February 2009. The recruiting procedure and estimation of WG, AR, and nutrient intake have been described in detail elsewhere (6) . In brief, we recruited in total 91 volunteers (70 women and 21 men) and instructed them to adhere to their habitual diet. The participants completed 3-d weighted food records (3DWFR) and provided a 24-h urine collection on 2 occasions, 2-3 mo apart. To prevent microbial growth, the participants added 9 mL 20% HCl to their urine. Urine volume was measured and a 50-mL urine subsample was stored at 280°C until analysis. We excluded 4 participants who provided incomplete food records and/or did not provide a urine collection on the first occasion (12) . We used the food database of the Swedish National Food Administration (PC-kost 2008-03-06) and a computerized calculation program (Diet XP, kost och Näringsdata) to calculate nutrient intake. To identify and exclude individuals with underreported energy intake, we used the Goldberg cutoff method (24) . When 2 valid 3DWFR were available, we used both to calculate food intake level (daily energy intake/ basal metabolic rate) and excluded participants with a food intake level <1.08. When only one 3DWFR was available (n = 9), we reduced the threshold to 1.00, because only 3 d were used for calculation of daily energy intake. From 86 participants (67 women, 19 men) with acceptable reported energy intake (according to the aforementioned Goldberg cutoff method) and complete 3DWFR and urine collection on the first occasion, we selected all 19 men and the first 34 women to register in the present study for urine analysis. We measured the height and weight of participants on the second occasion and calculated BMI. Of the 53 selected individuals, 8 did not provide 3DWFR on the second occasion and were unavailable for the height and weight measurements. For these participants, we used selfreported estimates of height and weight from the first occasion for BMI calculation. We excluded one man who was identified as an outlier due to an excessive BMI (>mean + 3SD) and to an opposite conjugation pattern compared with all other men, leaving in total 52 participants (34 women and 18 men) for statistical analysis. The Regional Ethical Review Board in Uppsala approved the study protocol (log. no. 2008:040) and the participants gave their written consent. We defined WG in accordance with the American Association of Cereal Chemists (25) , estimated the WG content of the reported products, and included the following cereals as possible sources of WG: barley, corn, oats, rice, rye, and wheat. We analyzed the AR content of reported products by GC (26) and compiled the quantified amount of AR together with WG content (g WG/100 g of ready-to-eat product) of reported products into a WG table, as described previously (6) .
Urine analysis. We analyzed the presence of free aglycones, glucuronides, and sulfate conjugates of DHBA and DHPPA by incubating urine samples with and without enzymes possessing specific glucuronidase or sulfatase activity and quantified the concentrations by a slight modification of the previously published GC-MS method (23) . In brief, we thawed urine at room temperature and added 50 mL urine together with 2.25 nmol syringic acid (internal standard, Sigma Chemicals) in 15 mL methanol to 740 mL of 3 different hydrolysis buffers: 0.1 mol/L sodium acetate buffer (pH 5.0) without added enzymes, 0.1 mol/L sodium acetate buffer (pH 5.0) with 25 mU b-glucuronidase of bovine origin, and 0.1 mol/L sodium acetate buffer (pH 5.0) with 125 mU sulfatase from Patella vulgata. Both enzymes were purchased from Sigma and a pooled urine sample was used to find the suitable enzyme concentration at which all conjugates were hydrolyzed. After incubation overnight at 37°C, the samples were extracted, purified, and analyzed by GC-MS as previously described (23) . Standards used for calibration were prepared from pure DHBA and DHPPA (Sigma-Aldrich Chemie and Isosep, respectively). A control sample of pooled urine was incubated in each hydrolysis solution and analyzed in triplicate within each analytical batch. Quantified concentrations were used to calculate concentrations of free aglycones and conjugates. We defined the concentration quantified in samples incubated in buffer without added enzyme as free aglycone concentration and the concentration of glucuronides as the difference between the concentration quantified after incubation with b-glucuronidase and that of free aglycone. Similarly, we defined sulfoconjugate concentration as the resulting difference after subtracting the concentration of free aglycones from the quantified concentration after incubation with sulfatase. We calculated 24-h excretion by multiplying concentrations with recorded volumes. Finally, we calculated the relative distribution of conjugates and aglycones by dividing their individual concentration by their sum. We previously quantified the total amount (free aglycones, glucuronides, sulfoconjugates, and possible sulfoglucuronides) of AR metabolites in the present urine samples by hydrolysis using an enzyme mixture containing both glucuronidase and sulfatase activity (12) and defined the quantified amounts as ''total.'' We defined the sum of individually quantified free aglycones, sulfoconjugates, and glucuronides as ''sum.'' Statistics. All data are expressed as mean 6 SD unless otherwise stated. To include both dietary composition and total energy intake in our analysis, we used the nutrient density method (27) to energy-adjust intake of nutrients, WG, and AR. We log-transformed variables with skewed distribution to meet assumptions for statistical analysis. We used paired t tests to compare the relative excretion of free aglycones and conjugates of DHBA and DHPPA. Similarly, we used paired t tests to compare the sum of free aglycones, glucuronides, and sulfoconjugates with the total amounts previously quantified and thereby estimated the presence of other conjugates. We investigated differences between the sexes in relative excretion of free and conjugated AR metabolites using t tests. To investigate possible advantages in reflecting intake of WG wheat and rye by specific AR metabolite conjugates, we calculated Spearman rank correlation coefficients and the 95%CI between self-reported intakes of total WG, WG wheat, WG rye, and WG wheat and rye and the 24-h excretion of free aglycones, conjugates, and their sum. The Spearman rank correlation coefficients were calculated using crude variables not subjected to log-transformation or energy adjustments. To better observe our data and visualize clusters of individuals and relationship between dietary components or urinary AR metabolites, we performed principal component (PC) analysis (PCA) separately on intake (dietary components and total energy intake) and excretion (relative and absolute excretion of DHBA and DHPPA). Variables were weighted (division by their respective SD) before PCA.
To identify possible predictors of urinary AR metabolites, we used partial least squares (PLS) regression, because it can handle collinearity among predictors and thus allows regression analysis with numerous possibly correlated predictors (28) . We tested several PLS models, with one dependent variable at a time. Relative excretions of free and conjugated DHPPA as well as absolute excretion of total AR metabolites previously quantified were tested as response variables. We also created models for conjugates of DHBA, but because DHBA and DHPPA were highly correlated and less variance was explained by the DHBA models, only models for DHPPA are reported. All PLS analyses started with models containing identical independent variables: nutrient density-computed intakes (only variables where >50% of the participants reported intake), total energy intake, BMI, age, and sex. Both predictor and response variables were weighted as previously described and models were validated by full cross-validation. MartenÕs uncertainty test was performed to identify significant model parameters (29) . We performed PLS regression analysis in a step-wise manner by identifying and removing parameters with small, weighted regression coefficients and high estimated uncertainty to obtain the model with minimum rootmean-square error of prediction. We confirmed our findings from PLS analysis by step-wise regression analysis using general linear models on the corresponding predictor and response variables. We calculated Pearson correlation coefficient between predictor variables and excluded predictor variables highly correlated (r > 0.5) to other predictors included in the model. PCA and PLS were performed using The Unscrambler 3 10.1 (Camo Software) and we used SAS 9.1 (SAS Institute) for all other statistical analyses. We considered P < 0.05 significant.
Results
Participants and intake. The age range of the 52 participants was 21-70 y and the BMI range was 17-30 kg/m 2 ( Table 1) . The median intake of total WG was 72 g/d (IQR: 40, 95 g/d) and rye was the major WG source (consumed by 48 participants), followed by wheat and oats (consumed by 45 and 44 participants, respectively). Other cereals were consumed as WG by <50% of the participants (12) and were excluded from further analyses. All variables presented in Table 1 were considered as variables in the PLS regression analyses. PCA of intake variables did not show any clear pattern or grouping of individuals based on their intake (data not shown).
Urinary AR metabolites. The median amount of summed AR metabolites (free and conjugates) excreted was 46 mmol/24 h, with~50% as free aglycones ( Table 2) . Compared with DHBA, DHPPA was present to a greater extent as glucuronides (P < 0.001), whereas DHBA was more abundant as free aglycones than was DHPPA (P < 0.001). The quantified amount of DHPPA excreted in urine was higher (P < 0.001) after incubation with the nonspecific enzyme mix compared with the sum of individually quantified free and conjugated DHPPA, with a median difference of 4.2 mmol/24 h (IQR: 20.3, 12 mmol/24 h). The summed excretion of free and conjugated DHBA did not differ from the total DHBA excretion previously quantified.
In data analysis by PCA, the loading plot comprising PC 1 and 2 indicated collinearity between the absolute excretion of free and conjugated metabolites and the relative amount of sulfated metabolites (Fig. 1A) , which all contributed to PC 1 (explaining 41% of total variance). The relative excretion of free and glucuronidated metabolites contributed more to PC 2, which explained 29% of total variance. The score plots of PC 1 and 2 indicated differences in excretion between men and women (Fig. 1B) and the combined information from score and loading plots suggested a higher proportion of glucuronidated AR metabolites in male urine as the cause of this difference. The mean proportion of DHPPA present as glucuronides in men was 14% higher than in women (P < 0.001).
Urinary AR metabolites in relation to WG intake. We observed significant correlations of the same magnitude when comparing WG intake and AR metabolite excretion quantified after incubation by the nonspecific enzyme mixture or the sum of individually quantified free aglycones and conjugates ( Table 3) . In general, correlation coefficients of WG intake and individual free aglycones or conjugates appeared somewhat lower than coefficients of WG intake and sums of conjugates and free aglycones. However, we observed correlations of the same magnitude for the individual conjugates.
Determinants of urinary AR metabolite excretion. A onefactor PLS regression model with dietary AR homologs, C19:0 and C21:0, and dietary potassium as predictors explained 65% of the variance in absolute excretion of total AR metabolites. Moreover, a 3-factor PLS model based on 8 predictors explained 45% of the variance in relative excretion of urinary DHPPA glucuronides (Fig. 2) . Sex (being female), BMI, and intake of vitamin C and magnesium were the major predictors in this model and were inversely associated with the proportion of urinary DHPPA found as glucuronides ( Table 4) . For example, participants with a higher intake of vitamin C had a lower proportion of glucuronidated DHPPA in their urine and this was more obvious for male participants (i.e., there was a clear trend for men but not for women) (Fig. 3) . Compared with glucuronides, relative excretion of free and sulfated DHPPA was less successfully predicted (31 and 16% of variance explained, respectively). The only predictor shared by models of glucuronidated and sulfated DHPPA was intake of vitamin E. All the predictors included in the models of glucuronides and sulfoconjugates were also included in the model of free DHPPA, although with inverse contribution to the model. Using GLM, we obtained similar models, although some of the predictors found through PLS regression were highly correlated (r > 0.50; P < 0.001) and therefore could not simultaneously be included in the GLM, resulting in less of the variance being explained.
Discussion
Previously, we reported good relative validity of urinary AR metabolites as biomarkers for intake of WG rye and wheat in free-living Swedes (12). The relative validity was assessed for only the total amount of AR metabolites and did not consider the validity of the individual conjugates. In the same study, we observed that participants with high AR intake excreted a smaller proportion of the dose in urine compared with low consumers of AR. In the present study, we evaluated the relative validity of free and conjugated AR metabolites and identified potential determinants of urinary AR metabolites. The participants in this study were of normal weight and their intake of macronutrients, minerals, and vitamins mainly followed the Swedish dietary guidelines (30) . Their intake of WG was relatively high compared with that in another Swedish study, where <30% of the participants fulfilled the recommended intake of WG in Sweden, i.e., $75 g WG/(d Á 10 MJ), and the WG intake came mainly from rye (7) . In the present study, >50% of the participants consumed the recommended amount of WG and although rye was the greatest source of WG, wheat and oats contributed substantially to WG intake. The higher WG intake in the present study could be due to some extent to the advertising material produced for participant recruitment, which clearly stated that the study would focus on WG, and thus attracted participants consuming high amounts of WG.
In line with a previous study and as expected, the more hydrophilic AR metabolite, DHBA, was found to a greater extent as free aglycone in urine compared with DHPPA (23). Glucuronides were the major conjugates, which is in agreement with our earlier study and has also been observed for nonylphenols and resorcinol, which have structural similarities to AR (31, 32) . The greater proportion of glucuronides may be due to saturation of sulfation caused by the depletion of cosubstrate (33) .
Because the quantifications were performed on different occasions, the comparison of metabolite concentrations quantified after incubation with a mixture of b-glucuronidase and 1 Values are median (IQR), n = 34 (women) and 18 (men). DHBA, 3,5-dihydroxybenzoic acid; DHPPA, 3-(3,5-dihydroxyphenyl)-propanoic acid. 2 Proportion of free aglycones and conjugates was calculated by dividing the amount of each aglycone or conjugate by the sum of free aglycones, sulfoconjugates, and glucuronides. 3 Represents the sum of free aglycones, glucuronides, and sulfoconjugates. 4 Excretion quantified in urine samples after incubation with enzyme mixture containing b-glucuronidase and sulfatase activity, thus enabling quantification of the total pool of AR metabolites (free aglycones, sulfoconjugates, glucuronides, and sulfoglucuronides). sulfatase (''total'') ( Table 2 ) and the sum of individually quantified concentrations of free, glucuronidated, and sulfated DHPPA (''sum'') ( Table 2 ) might to some extent be affected by systematic errors. However, the difference of total and summed DHPPA indicates the presence of some DHPPA conjugated with both sulfonic and glucuronic acid, i.e., sulfoglucuronides. These conjugates appeared to represent ;17% (95%CI: 11-24%) of DHPPA quantified after incubation with enzyme mixture. It is still unknown at what stage of AR metabolism conjugation occurs. However, because conjugated AR have been identified in human urine (15) and orally administrated resorcinol was excreted in rat urine predominantly as conjugates (32) , phase I and phase II metabolism of AR might occur in parallel, which has been observed for tocopherols (20, 21) . WG intake was strongly correlated to excretions of individually quantified free aglycones or conjugates and their total. We conclude that the total amounts of AR metabolites are better suited to reflect intake of WG than individually quantified free or conjugated metabolites, because methods have been validated for the quantification of total concentration and total AR metabolites give the most complete information on urinary excretion.
The main predictors for urinary excretion of total AR metabolites in the present study were the 2 major dietary AR homologs, C19:0 and C21:0. Dietary potassium was also included in the model as a potential determinant of urinary AR metabolite excretion and could possibly be explained by the increased urine flow rate at a higher potassium intake (34) . The absence of other anthropometric or dietary determinants in the model indicates the specificity of dietary AR as precursors of urinary DHBA and DHPPA within this population. In addition to random errors associated with 3DWFR and single measurements of urinary AR metabolites, other factors of importance for urinary AR metabolite excretion but not included in the analysis might explain parts of the remaining variance. These factors could include the release of retained AR from the body pool (35), differences in AR absorption, a genetic polymorphism that could affect AR metabolism (36) , dose dependency of AR elimination (2) , and possible enterohepatic circulation of AR metabolites (11) .
The activity of the glucuronidation catalyzing enzyme, UDPglucuronyltransferase (UGT), can be affected by genetic polymorphism (37) and dietary intake (38) . The proportion of glucuronidated DHPPA in urine was higher in men and positively influenced by age and intakes of water, WG wheat, and vitamin E. Compared with women, men have higher UGT activity toward several substrates (39) . Previous studies have observed higher plasma AR concentrations in men compared with women (5, 40) , which could possibly be linked to sex differences in metabolism as observed here and for g-tocopherol (41) . Phase I and II metabolism of g-tocopherol appear to occur in parallel (20, 21) , whereas competition between phase I and II metabolizing enzymes has been proposed for other substrates (42, 43) . The metabolism of AR is thought to be similar to that of tocopherols (15) and AR have been found to competitively inhibit the v-oxidation of g-tocopherol (44) . Because glucuronidating and v-hydroxylating enzymes are colocated in the endoplasmic reticulum (45, 46) , we speculate that dietary tocopherol might increase the proportion of conjugated AR metabolites in urine as a result of competition for v-hydroxylating enzymes. Theoretically, this could lead to more extensive glucuronidation of AR. In a similar way, age-dependent decrease in CYP enzyme activities (47, 48) could result in a higher proportion of conjugated DHPPA excreted in urine.
Compared with rye, wheat contains a smaller proportion of the shortest homolog, C17:0. Enzymes suggested to v-hydroxylate AR are proposed to possess higher activities toward shorter AR homologs (44) and as a consequence, longer homologs might be more available for glucuronidation. Thus, we speculate that a high intake of WG wheat increases the proportion of longer homologs, which are more accessible for glucuronidation. A high intake of water might increase urine production and enhance the 2 Represents the sum of free aglycones, glucuronides, and sulfoconjugates. 3 Excretion quantified in urine samples after incubation with enzyme mixture containing b-glucuronidase and sulfatase activity, thus enabling quantification of the total pool of AR metabolites (free aglycones, sulfoconjugates, glucuronides, and sulfoglucuronides). The percentage of glucuronidated DHPPA decreased with increased BMI and intakes of vitamin C and magnesium. In a study on 137 men and 142 women, BMI $25 kg/m 2 was associated with higher activity of endogenous b-glucuronidase, the enzyme catalyzing glucuronide deconjugation (49) . Vitamin C has been shown to modulate phase II metabolism in guinea pigs, with higher amounts of dietary vitamin C decreasing UGT activity (50, 51) . In addition to this, due to the high concentration of vitamin C in fruit and vegetables (52) , vitamin C may have reflected intake of these foods, which can influence serum b-glucuronidase activity (53) . Furthermore, fruit and vegetables are rich in flavanoids, which can inhibit UGT (18) . In addition, because activation with CoA prior to b-oxidation is a magnesium-dependent reaction (54), we speculate that low magnesium intake decreases phase I metabolism of intact AR and therefore increases the substrate availability for glucuronidation.
Sulfation, catalyzed by sulfotransferases, is largely dependent on the availability of sulfate (33) . High sodium and calcium intake was associated with a greater proportion of sulfated DHPPA. Because the absorption of dietary sulfate is sodium dependent (55), a high sodium intake might increase the availability of cosubstrates for sulfation. On the other hand, dietary calcium might influence the abundance of sulfoconjugating enzymes, because Ca 2+ has been shown to induce expression of sulfotransferases (56) . Dietary protein was negatively related to the proportion of sulfated DHPPA. High-protein diets have been reported to increase clearance of CYP-metabolized drugs (57) and thus high protein intake could theoretically increase phase I metabolism of AR and consequently reduce substrate availability for sulfation.
In summary, ;50% of AR metabolites in 24-h urine collections from free-living Swedes were present as conjugates, indicating the comprehensive role of phase II metabolism in AR elimination. We found that individually quantified free aglycones or conjugates did not reflect WG intake better than their sum and we suggest that urine samples should be simultaneously incubated with sulfatase and glucuronidase before quantification to deconjugate the substantial proportions of sulfoconjugates, glucuronides, and sulfoglucuronides present. Finally, we identified several determinants of conjugated AR metabolites in urine that might affect the metabolism and excretion of compounds with structural similarities to AR, e.g., tocopherols. These determinants can influence AR elimination and may be important for the performance of urinary AR metabolites as biomarkers. root-mean-square error of prediction; WG, whole grain. 2 Not included in the model. 3 Sex was included in the models as a dummy variable where female was represented by 1 and male by 21.
FIGURE 3
Relationship between daily vitamin C intake and relative proportion of glucuronidated DHPPA in urine from free-living Swedish women (n = 34) and men (n = 18).
